Background: Recently, magnetic resonance angiography (MRA) has been widely used for the detection of moyamoya disease (MMD). However, the diagnostic performance of MRA in the detection of the affected artery in MMD remains unclear. Objectives: To assess the diagnostic performance of MRA in detecting internal carotid artery (ICA), anterior cerebral artery (ACA), middle cerebral artery (MCA) or posterior cerebral artery (PCA) involvement (including stenosis and occlusion) compared with digital subtraction angiography (DSA) in pediatric MMD. Patients and Methods: Fifty-eight pediatric patients diagnosed with MMD by MRA and DSA within one week from September 2010 to September 2011 were evaluated. Results: Among 261 vessels of occlusion demonstrated by MRA, 48 vessels of stenosis were confirmed by DSA. There was a similar detection rate of vascular lesions by MRA and DSA in ICA, ACA and PCA. More lesions in MCA were detected as occlusion by MRA than DSA. MRA was more sensitive and accurate in diagnosing vascular lesions, including ICA, ACA and MCA, while it was most specific and lowest sensitive was found in diagnosing PCA. In addition, MRA was moderate to highly consistent with DSA in diagnosing MCA and PCA. Conclusion: MRA had an important diagnostic value in the detection of the affected ICA, ACA, MCA and PCA with DSA as the gold standard, but with an overestimated evaluation of stenosis severity in pediatric MMD.
Background
Stroke has been the second leading cause of death and most frequent cause of permanent disability worldwide, with an annual incidence of 2400 new strokes per 1000000 inhabitants (1) (2) (3) . Although it occurs extremely rare in childhood, with an estimated annual incidence of 2 -3 cases/100000 in children aged > 5 years and 8 -13 cases/100000 in children aged 5 -14 years (4). Notably, the incidence is higher in neonates (25 -40/100000 births) (5); besides, the mortality rate by stroke is up to 20% in infants (6) . Moyamoya disease (MMD), a known cause of pediatric stroke, is a chronic and progressive cerebrovascular disease typically characterized by bilateral stenosis and/or occlusion of the distal internal carotid artery (ICA), the proximal anterior cerebral artery (ACA) and middle cerebral artery (MCA), accompanied by abnormal vascular network at the skull base (7) . Currently, MMD accounts for approximately 6% of pediatric stroke (8) .
The cause of MMD remains unclear, but it seems to be associated with certain genetic disorders, including Down's syndrome, Graves' disease, Alagille syndrome, and neurofibromatosis type-1 (9) (10) (11) (12) . The unknown etiology and the slowly progressive pathogenesis lead to the delayed diagnosis of MMD until symptoms are recurrent (13) . In recent years, digital subtraction angiography (DSA) has been accepted as the gold standard for the diagnosis of MMD. However, when it comes to affected young children, DSA is limited because of the invasive and time-consuming procedure (14) . With the recent developments in technology, magnetic resonance angiography (MRA) has been widely used for the detection of MMD. A previous study has reported the merits and limitations of MRA in the diagnosis and following up of moyamoya patients, with conCopyright © 2018, Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/) which permits copy and redistribute the material just in noncommercial usages, provided the original work is properly cited.
ventional cerebral angiography (CCA) as 'gold standard' method (15).
Objectives
The purpose of this study was to assess the diagnostic performance of MRA in the detection of affected ICA, ACA, MCA as well as posterior cerebral artery (PCA) (including stenosis and occlusion) with DSA as the gold standard in pediatric MMD.
Patients and Methods
This study retrospectively evaluated a total of 58 Chinese pediatric patients (32 males and 26 females, median age 8.5 years, range 2 -12 years) who were diagnosed with MMD in our hospital from September 2010 to September 2011. The patients underwent different imaging modalities; however, some patients only underwent MRI and CT but not MRA. The reason was that the patients had normal imaging manifestations based on MRI and CT, so other diseases were considered but not brain diseases due to the limited knowledge of the local doctors for MMD. MMD was diagnosed according to the guidelines of the Ministry of Health and Welfare, Japan as follows: Bilateral vessels with severe stenosis or obstruction was observed at least, including the terminal segment of ICA, the initial segment of ACA, the initial segment of MCA, and PCA (16) . The inclusion criteria were (1) an age of 2 -12 years; and (2) underwent CT, MRI, MRA and DSA in turn (the standard of care in our hospital) within one week. Patients with only one vessel of occlusion or stenosis, who were not in hospital for surgery, or who had incomplete CT, MRI, MRA or DSA data were excluded. This research protocol was approved by the Ethics Committee of our hospital. The clinical syndromes and the initial diagnosis of the patients were recorded.
MR imaging (MRI) was performed in a 1.5-T MR Unit (Signa Horizon, GE). Conventional MRI examination was conducted on T1WI and T2WI axial plane, fluid attenuated inversion recovery (FLAIR) coronal plane, and T1WI sagittal scanning. The MRA was performed without administration of IV contrast using three dimensional The DSA was performed with a monoplane DSA unit (Siemens Axiom Artis FA, Erlangen, Germany). Femoral catheterization was conducted using the Seldinger technique, with 4F catheter up to the bilateral ICA and bilateral vertebral artery to obtain angiograms. Non-ionic contrast material (Ioversol 320, Optiray; Mallinckrodt Inc.) was used for each injection: 3 mL/s for the internal carotid artery and 2 mL/s for the vertebral artery, with a total amount of 5 mL/s. Anteroposterior and lateral images of cerebral vessels were obtained at arterial, parenchymal and venous phases.
The 58 cases of 3D TOF MRA were interpreted independently by two neuroradiologists, who had several years of experience in vascular diagnostic neuroradiology. Pediatric MMD is often involved in four cerebral vessels, including the ends of bilateral ICA and the initial segments of ACA, MCA and PCA, and the four arterial lesions as above were assessed for presence or absence of vascular occlusion or stenosis. Disagreements between the two neuroradiologists were resolved by discussion until consensus was achieved.
Statistical Analysis
All statistical analyses were performed using SPSS 20.0 (SPSS Inc, Chicago, IL, USA). DSA was considered as the gold standard and the positive detection rates of MRA and DSA were compared by McNemar test. Subsequently, the numbers of true positive (TP), false negative (FN), true negative (TN) and false positive (FP), positive predictive value (PPV), negative predictive value (NPV), sensitivity, specificity and accuracy of MRA were calculated. The test agreement for presence of vascular occlusion or stenosis was evaluated by using kappa (κ) statistics. A κ value of > 0.75 was considered as excellent concordance, κ of 0.4 -0.75 as moderatehigh concordance, and κ of < 0.4 as poor concordance (17).
Results
Patients' clinical symptoms are shown in Table 1 . Limb paresis, headache and impressive aphasia were the most common clinical syndromes, which accounted for 86.2%, 39.5% and 36.2% of the total patients. In this study, a total of 464 vessels (C1 segment of bilateral ICA, A1 segment of ACA, M1 segment of MCA, P1 segment of PCA) were assessed by MRA and DSA examinations for the 58 cases of pediatric MMD. Among these vessels, 261 (56.3%) vessels of occlusion were diagnosed by MRA. However, only 213 (45.9%) vessels of occlusion were demonstrated by DSA and 48 (10.3%) vessels were detected with stenosis by DSA. The discrepancies and concordance in the same case of pediatric MMD are shown in Figure 1 .
During the 3D TOF MRA examination, there were many cases of multi-vessel involvement among the 58 patients, including 17 cases of ICA, ACA, MCA and PCA involvement, 29 cases of ICA, ACA and MCA involvement, and five cases of ACA and MCA, four cases of ICA, MCA and PCA, and three cases of ICA and ACA. Besides, 33 patients showed that intracranial blood supply was compensated via bilateral superficial temporal artery, and 42 cases displayed compensated circulation through posterior communicating artery by the 3D TOF MRA examination. Furthermore, Table 2 shows that MRA had a similar detection rate of vascular lesions (occlusion or stenosis) as DSA at the same sites in ICA, ACA and PCA. However, when it comes to MCA, many vascular were misdiagnosed as occlusion or overestimated as stenosis by MRA according to DSA (P = 0.049). Table 3 gives the numbers of TP, FN, TN and FP, sensitivity, specificity, PPV, NPV and accuracy of MRA for the detection of affected ICA, ACA, MCA and PCA (including stenosis and occlusion) in MMD patients. With DSA as the gold standard, MRA was sensitive in the diagnosis of the affected four ICA, ACA, MCA vessels, and the corresponding sensitivity was 92.2% (left) and 95.9% (right), 96.2% (left) and 100% (right), and 96.2% (left) and 98% (right), respectively. Despite the lowest sensitivity, MRA was most specific in examining PCA, with a specificity of 76.2% (left) and 81.0% 
Discussion
MRA has been used in the diagnosis of MMD in clinic, while few researches on the availability of MRA on the vessel involvements in pediatric MMD were reported. The present study analyzed the diagnostic performance of MRA for the detection of the affected ICA, ACA, MCA or PCA in pediatric MMD. Using DSA as the gold standard, higher sensitivity of MRA was shown within ICA, ACA, and MCA than PCA. A previous study showed a similar MRA sensitivity of 82% for cerebral vessels (18); Catalano et al. (19) also reported the sensitivity of MRA was 98% in examining carotid arteries, both of which were consistent with our study. The high sensitivity of MRA indicated that MRA can be used as an effective diagnostic method for vessel involvement in pediatric MMD. However, a considerable amount of MMD children lacked specific clinical manifestations. Besides, there were large differences in the clinical symptoms and diversification in disease development and imaging findings. Hence, misdiagnosis and missed diagnosis usually occurred. That was also the reason why MRA was less specific in the diagnosis of MMD. The highest specificity of MRA in the diagnosis of vessel involvement of MMD was only 80.10%. Nevertheless, MRA detection was still of great importance for the early diagnosis, early treatment and early intervention of pediatric MMD to reduce mortality and morbidity.
With the technique of 3D TOF MRA, the affected area could be accurately revealed, the formation of collateral circulation of involved vessels could be observed and the lesion severity also could be estimated in MMD children. However, it might overestimate the severity of vascular stenosis. Among the 261 vessels of occlusion diagnosed by MRA, 48 vessels of stenosis were confirmed by DSA. This further supported previous studies both by Houkin et al. (20, 21) who reported a possibility of overestimation of stenoocclusion on MRA. The 48 vessels of stenosis included 16 lesions at the siphonal segment of ICA, eight lesions at the juncture of A1-A2 segment of ACA, eight located at the juncture of C1-M1 segment of MCA and 16 at the P1 segment of PCA. The diagnostic errors could be explained by several causes. Firstly, the stenosis occurring in the siphonal segment of ICA was mainly associated with vascular morphology (such as U-shaped, V-shaped, S-shaped, or C-shaped) and TOF effect. When the vessels were vertical to the scan plane at sideling blood vessels or flowing blood, the saturation effect appeared, making the blood signal significantly darker than the blood vessels perpendicular to the scanning plane. Secondly, the stenosis at A1-A2 juncture of ACA was caused by the ACA anatomical variation, including five vessels lacking of anterior communicating artery for blood compensation, and three in the absence of A1 segment of ACA, entirely supplied by the contralateral blood. Thirdly, On the other hand, the average false negative rate was only 0.04% (data not shown), suggesting that the missed diagnosis of MMD rarely occurred using MRA assessment. Besides, MRA was of the lowest accuracy on the detection of PCA in MMD compared with ICA, ACA and MCA, which was moderate to highly consistent with DSA in assessing MCA and PCA. The highest specificity of MRA for PCA could be explained for it. However, it is supposed that MRA is less accurate when diagnosing pediatric MMD at the point of evaluation of the revascularization than DSA due to the limitation of MRA diagnosis on small cerebrovascular lesions.
This study has several limitations. First, due to the small sample and the retrospective nature of this study, more prospective studies with larger sample sizes should be performed to confirm the results of this study. Second, the relationships between MMD stage, MRA score, MRA grades and moyamoya vessel scores were not analyzed. Third, the possibility of overestimation of steno-occlusion on MRA should not be negligent. Hence, further studies on those grading systems should be performed on a large number of pediatric patients.
In summary, MRA had an important diagnostic value in the detection of the affected ICA, ACA, MCA and PCA (including stenosis and occlusion) in MMD, with great sensitivity and accuracy in the affected ICA, ACA, and MCA using DSA as the gold standard. However, it was also associated with an overestimated evaluation of stenosis severity. 
